isodose distributions discussed in Section 6 refer to a cuboid water phantom. However, the dose distribution in a patient may differ appreciably from the standard dose distributions when the elemental composition, density, and shape of the irradiated tissues differ from that of the water phantom. Furthermore, the irradiated tissue may change in these respects during the course of the treatment.
Conversion of Phantom Data to Tissue Data
Methods for the transfer of relative dose distributions from onp. matp.rifll to another are discussed in Sections 6.2.2 and 7.4. However, even if the relative distribution measured in water can be used for a fairly accurate evaluation of the relative distributions in various soft tissues (muscle, fat, brain, liver etc.), there may still be differences in the absolute absorbed-dose values when the materials are irradiated in a given beam. The reasons are that the scattering properties of the materials may differ (which could result in different fluences at dose maximum in the various materials) as may the mass collision stopping-powers. An estima.tion of the difference in absorbed dose values can be obtained from the scaling law of Section 2.8.3.
The result of measurements in five different uniform phantom materials of different compositions indicate that the scatter properties should not cause a difference in the electron fluence of more than 1 or 2% at the depth of the dose maximum of various low atomic number materials, such as soft tissues (Mattsson et al., 1981) . From Table 2 .2, it is seen that the differences in mass collision stopping powers between water aIld the various tissues, for the energy region used in radiation treatment, are a few per cent. It is, however, current practice to state the absorbed dose to water even if these differences are obvious.
The recent development in radiodiagnostics of computerized tomography has improved the accuracy of the determination of the densities of various tissues in vivo; their atomic composition may also be estimated by using different x-ray qualities. Previously, in the case where inhomogeneity corrections were made, only four types of inhomogeneities were taken into account, namely, air cavities, lung, bone and fat. It is evident that the composition, and often the density, of every tissue or organ is different and different from water. However, it must be pointed out that the major part of radiotherapy experience now available was gained without considering possible corrections for tissue composition. If such corrections are now taken into account, the old 112 information should be reviewed in the same light in order to produce a new data base.
Correction for Oblique Incidence
Standard absorbed-dose distributions are measured with the beam at right angles to the surface of the phantom (Fig. 6.1 ). During treatment, the beam may be inclined to the body surface or the surface may be curved. Correction must be made for this difference.
The dose along a line parallel to the body surface at dp.pth z varie~> as a first approximation, with SOl1rceskin distance as measured along the ray passing through the point under consideration. The dose at a depth z along each ray, D'(z), can thus be calculated by correcting the dose values D (z) for a beam of perpendicular incidence using the inverse square law
where d is the distance between the plane perpendicular to the axis at the normal virtual source distance, Svir, and the skin surface along the ray under consideration; d can be positive or negative [ Fig. 7.1(a) ]. For a 20 em X 20 em field treated with an angle of 30° between the reference plane and the skin and an Svir of 100 em, the above inverse square law factor is equal to about 0.8 for the point corresponding to the largest distance, d, at z =. R 100.
However, modifications in the absorbed dose in the build-up region and at the depth of the maximum absorbed dose, for oblique incidence, depend strongly upon the fraction of electrons scattered by the collimator walls back into the beam (see Section 3.2.3). When the contribution of collimator-scattered electrons is hl.1portant, large deviations from the values for skin dose, D s , and depth, RlOO, of maximum dose derived from Eq. 7.1 are observed. In such cases, measurements should be made for each type of accelerator and collimator in order to estimate the correction to be applied. For low energy electron beams «15 MeV), where the dose gradient is high, and for small obliquities «15°), the isodose curves for most practical situations may be considered as running parallel to the surface. For higher energies and large depths, inverse square law correctiuns must always be applied, as illustrated in Fig. 7 .1(b). These corrections can be employed for the moderate inclination of the skin surface to the plane perpendicular to the beam axis. They are also valid for smooth surface irregularities, i.e., when the radius of curvature is large compared to the beam diameter.
In addition to the changes in the dose distribution of the useful beam, large variations in tIre dose distribution -5 X:-1. .1 (a) Definition of the electron beam geometry for oblique incidence. (b) Isodose curves for a 30° angle of incidence with a 22-MeV beam and a 10 em X 10 em field measured at the normal plane. Solid curves are from measurements, and broken curveiS are froID Uit: standard isodose curves modified according to Eq. 7.1 (Okumura, 1972) . In both (a) and (b), the skin surface is indicated by the solid line inclined 30° to the normal plane. appear in the penumbra region. Due to air scattering, the penumbra width varies rapidly with the distance from the skin to the collimator edge (see Sections 2.6 and 6.5.2),.especially at low electron energies. Consequently, the penumbra width is different on the two sides of the field for oblique incidence; the longer the distance to the collimator, the larger the penumbra. If ignored, such variations may lead to severe underdosage of a part of the target volume [ Fig. 7.1 
More marked surface irregularities produce a more complex situation. The electrons are predominantly scattered outward by projections and inward by depressions. The deformation of the isodose curves is 7.4 Corrections for Inhomogeneities. • • 113 usually extensive near the surface irregularity, but at hl"rge dppt.h~, ~c~t.t.p.l'ing t.Fmn~ t.o l'ennce t.he effect..'\ of the irregularity. Electrons striking a surface at large inclinations to the normal may give rise to localized overand under-dosage ("hot spots" and "cold spots") in the underlying medium (Regourd, 1962; Breitling and Seeger, 1963; Netteland, 1965) .
Corrections for Inhomogeneities
When a portion of the irradiated volume of tissue contains material with different penetrability or scattering properties than those of water, a correction to the isodose data in water may be needed. The coefficient of equivalent thickness, C ET , may be used for this purpose if the inhomogeneity is relatively large and of somewhat uniform thickness (Laughlin, 1965; Laughli.n et al., 1965; Boone et al., 1965 Boone et al., , 1967 Almond et aZ., 1967b; Dahler et aZ., 1969; Harder and Abou-Mandour, 1976) . CET is defined for a parallel beam of incident radiation and is the ratio of the thickness of water to that of the inhomogeneity that will produce the same transmission of absorbed dose rate (see Eq. 7.3). For parallel rays it is possible to choose a depth, z, in water for which the absorbed dose, Dw(z'), is the same as the absorbed dose, Di(Z), obtained after such rays pass through a thickness, zh of water and a thickness, h, of an "in homogeneity". Those distances are related by:
For an incident, diverging beam of electrons, an inverse square correction may also be required. For such a diverging beam, the absorbed dose Di(z) at a depth z behind the inhomogeneity is
Corrections are made along each ray through the inhomogeneity.
The usefulness of the CET concept depends on the type of inhomogeneity:
(1) for tissues like brain, liver, kidneys, fat, etc.-Z and p are not very different from water, (2) for lung-Z is not very different from water, but p is different from water, (3) for bone-Z and p are different from water.
When Z and p are not very different from water, the C ET may be estimated from
where Stot,JStot,w is the ratio of the total linear stopping-power of organ i to water at the mean electron energy considered (Table 6 .1). As a first approximation, when Stot,i is not known, the C ET value can be estimated from the ratios of the electron densities, N e, of organ i and water (Table 7 .1). This correction may be applied for any large organ except for lung and bone. Almond et ale (1967) and Boone et ale (1967) have proposed values of C ET , experimentally verified for cork p = 0.39 g cm -3, using large fields and electron energies between 6 and 18 MeV.
Large, parallel slabs of bone are uncommon in the skeleton apart from the skull. The maxilla or sternum may be considered as "large" when the entire crosssection of the beam is intersected by these bones. The mean scattering angle of electrons is increased by bone and, consequently, the dose is increased within bone and in soft tissue immediately beyond. However, measurements with fresh specimens of sternum or ribs have shown that the maximum dose increase beyond large slabs of these bones was less than 2% and could be neglected (Almond, 1967; Lindskoug and Hultborn, 1976) . At depths larger than a few centimeters beyond bone, the electron fluence and absorbed dose decrease. Therefore, a constant CET cannot be used for bone and a more sophisticated method is necessary (Dutreix, 1968) .
Only when the field size is large enough to assure broad-beam conditions on the central axis in the material in question, can depth-dose curves in low density materials, like the lung, be calculated from depth-dose curves in water using the C ET concept. For smaller field size~, a~ a rough first approximation, the depth dose in a material of density PI (and Z similar to water) for a field size Xi X Xi can be considered to be comparable to the depth dose in water for a field size
if the depths are expressed in g cm-2 • When a divergent beam is used, an inverse square correction may also be required.
For inhomogeneities of small dimensions, such as Reference Reference for for value of p composition Jayachandran, 1971 ICRU, 1972 Rao, 1975 Kim, 1974 ICRU, 1963 ICRU, 1972 Jayachandran, 1971 Woodard, 1962 Lindskoug and Hultborn 1976 Kim, 1974 ICRU,1972 Kim, 1974 Rao, 1975 White, 1974 White, 1974 Cho et al, 1975 Kim, 1974 Rao, 1975 Rao, 1975 Kim, 1974 Rao,1975 Kim, 1974 bones, air cavities or lungs, when they are present only in a limited part of the beam, a correction method has been suggested by Harder and Abou-Mandour (1976) and Abou-Mandour and Harder (1978a) . The dose distribution in a broad beam is assumed to be given by the addition of a large number of adjacent small beams or, more simply, to be the addition of two beams; one small beam with a field size equal to the cross-section of the inhomogeneity and a second "hollow" beam irradiating the homogeneous medium. The dose Di(z) at a point in the inhomogeneous medium is obtained from the dose Dw(z) at the same point in water by subtracting the dose D~(z) which would be delivered by the small beam (AH) [Fig. 7 .2(a)] in water and adding the dose Di(z) delivered by the small beam (AI) through the inhomogeneity
and using Eq. 7.2 for D;(z), then
This method of calculation should yield accurate values of the dose distribution within or beyond an inhomogeneity. Unfortunately, data on small beams are not always available-more data on CET values for bone and lung in small beams are needed. Experimentally determined correction factors for small air cavities have been published by Niisslin (1975) and Skoropad (1975) . Significant overdosages (hot spots) or underdosages (cold spots) may occur in rather limited regions due to the unbalanced electron fluence at the edges of an inhomogeneity (Breitling and Vogel, 1965) . Such effects are very similar to those observed for surface irregularities (see Section 7.3) and are specially important Because of the decrease of electron backscatter by lung, the dose to the soft tissues in front of the lung in terface is slightly decreased (Almond, 1967) . Similarly, a slight overdosage (3-7%) is expected in front of bone due to the increased backscatter of the electrons from bone (Dutreix, 1968) . The modifications in the electron fluence and, hence, the dose distributions in soft tissue are much greater when a high-Z material is behind, but in contact with, soft tissues (Dutreix, 1968) . In the shallow layers of tissue, the absorbed dose in soft tissue in contact with a high-Z material layer is increased by a factor depending upon the beam energy, the layer thickness and the Z of the material. Table 7 .2 gives the ratio of maximum mass ionization in a thin air layer at the interface between a high-Z material and PMMA, relative to the maximum mass ionization in air in homogeneous PMlvIA. The data were obtained for a 10 cm X 10 cm field size. The cross sectional areas of the PMMA phantom and the high-Z material were larger than the field size. The thickness of the high-Z material was large enough to give maximum backscatter. The figures in parentheses are the mass thickness of the material where maximum ionization is achieved .
Decelerators, Bolus and Wedges

Decelerators
On most treatment units used for electron therapy, the lowest electron energy is 5 Me V or more. This energy is generally too high for the treatment of very superficial target volumes, such as for mycosis fungoides. For this purpose, very low atomic number absorbers (e.g., beryllium, carbon or polystyrene) may be used to reduce the electron beam energy without excessive bremsstrahlung production. Special attention must be given to the contaminating bremsstrahlung background in the treatment of the whole skin surface (Karzmark et al., 1960; Edelstein et al., 1973; Sewchand et ai., 1979; Kase and Bjarngard, 1979) because it may constitute a considerable contribution to the whole body dose. The decelerator should, ideally, be placed close to the irradiated area to minimize the dose from the contaminating bremsstrahlung.
However, when using decelerators for normal beam sizes and higher initial beam energies, the best location is close to the primary scattering foil (see Fig. 3.1 
c. Fig. 7 .3. Three possible beam configurations of adjacent radiation beams placed in order of increasing overlap problems. cause this will not cause deterioration of the shape of the depth-dose curve (Brahme, 1975 ; see also, Fig. 3 .11).
Bolus
The simplest way to locally vary the depth of penetration of a high energy electron beam is to place an approximately tissue-equivalent layer of varying thickness on the body surface (bolus). However, this method will remove the dose build-up in the surface region which may be disadvantageous for some treatments. For such cases, better dose distributions with good skin sparing are generally obtained by using adjacent beams of different energies (see Section 7.6.2.1 and Fig. 7.3) .
For superficial target volumes, a bolus can also be used to increase the dost: uuifurmi iy iu Lht: surfact: region. This will be obtained at the cost of a less steep dose fall-off behind the target volume, because a higher electron beam energy must be used. To eliminate this effect, a depth-dose flattening filter may instead be used to increase the surface dose without the accompanying decrease in dose fall-off gradient (Brahme and Svensson, 1976b).
.5.3 Wedges
Wedge filters are standard devices for use with high energy photon beams due to the special shape of the photon depth-dose curve with a long gradual dose decrease. For electron beams, the dose fall-off section of the depth-dose curve is generally very short and steep, with a limited range and, therefore, wedge filters are rarely used for electron beam therapy.
Wedge-shaped isodose distributions were produced by Okumura et ai. (1969) using split scattering foils to treat regionally invasive tumors in the head and neck region. A similar technique may be achieved on some accelerator types, by simply offsetting the beam symmetry control.
Wedge shaped degraders are sometimes used to produce a gradual variation of the therapeutic range, Rti5 (Kuttig and Ziegler, 1975) . However, this is not strictly a wedge, but rather a wedge-shaped type of bolus or decelerator. When the wedge-shaped filter is placed at some distance from the irradiated area, the isodose distributions are disturbed due to the scattering action of such a filter (Dutreix et al., 1968) . The most common use of small wedge filters is probably to broaden the penumbra and simplify the alignment problems of adjacent electron beams. 7.6 Electron Beam Treatment Planning 7.6.1 General
The principal advantage of high-energy electron beams in radiation therapy is their ability to deliver a high dose to superficial and moderately deep target volumes without damaging deeper-situated healthy tissues.
Determination of dose distributions in a patient
undergoing treatment with single, multiple or moving electron beams is based on detailed information about each individual patient and about all the available electron beam qualities.
The geometrical information on the patient usually consists of one or more cross-sectional drawings covering the region of interest. One of these drawings is in the plane of the reference axis of the beam. The drawings should be full scale and contain contours of the buuy surface amI all iuLenml sLrudurt::s rdevant for the treatment, such as target volume, body inhomogeneities and organs at risk. In addition to the geometrical information, the physical properties of the involved tissues are needed. The CT -scanner is the ideal instrument for obtaining this information, but it is generally necessary to convert its CT -numbers to the data needed for electron beam treatment planning (Purdy, 1977; Datta et at., 1979; Hogstrom et at., 1981) . The technique of patient data acquisition is, apart from the above problem, independent of radiation modality and is described in detail in ICRU Report 24 (lCRU, 1976) . 7i6~2', Multiple Beams-In some situations, a combin~tion of two or mere 'ele-ctron beams 'may" be ,reqlJired to achieve -the -best distribution of absorbed dosein the target volume and the-surrounding tissues.In order to obtain-the isodose distribution of multiple, fixed'electron beams, the isodose distribution of each, individual beam must be Il()i'malized and added. The relative absorbed dose of -each beam is determined at each point of interest· in--cludingweighting factors andothe!l1ecessarycorrec--tions. The total absorbed dose at each point is then ()btained by adding the dose contributions of all the beams A sufficientlylargenumber of dose values in the regionofinterest are calcuhlted according to Eq. 7.5~The values are then normalized to the dose at the reference point as discussed in ICRUReport 24 (I0RU, 1~76)~
The is()dose contours are now obtained by connecting alL points (or interpolated points) of equal relative dose. -7.6.2.1 Adjacent Beams. Two or: more electron _ beams may be used side by side inor.der toincrease the irradiated area OUL8iue' Lhe lllaxhnum field 5izeof a single beam or to treat a target volume 'of varying depth -below the patient surface. If the collimator were perfect, 'with a negligible amount of scattered' electronR (see Section'3.2.3), the field size could be increased without _a.hyborder problems between adjacent beams simply by placing the adjacent beam edges in perfect alignment [see Fig. 7.3(a) ].Thisis due to the fact that the dose reduction at the beam edge by electrons scattered 'out of one beam is fully compensated by the scatter from the adjaQent beam When thebeamellergies and directioH8 coincide~ However,most,electron collimators· are far from ideal because a considerable number of electrons are scattered from the edges of the collimator (Briot et al.,~ 1973; Lax and Brahme, 1980) . Furthermore, the' beam edges are normally inc1ine<i
to one another due to divergence of each beam and to the curvature of the hodycontour [ Fig.7.3(b) and (c) ]. The isodose contours in the common, plane· of, two electronbeamsvvith(Ep)o=_20and lOMeV are shown in~'ig. 7.4(a) (Svensson, 1978) . The collimator used was of high quality and the adjacent beam edges coincided.
7~6 Electron Beam Treatment PlannlnQ ...... tt7 rhe slight overdosage in this case is only due to the ligher electron scattering out from the low-energy· Jearn. In Fig. 7A(b) (Almond, 1975) , the effect of nonuigned electron beam edges and nonideal collimation .s seen~The considerable overdosage obtained in this ::ase could be reduced at the expense of an underdosage by increasing the field separation~ A somewhat better :lose·, distribution could be· obtained by using., small polystyrene or aluminum wedges at the edge of one or boththe beams, although at the cost of a more compli~ catedset~up(Laughlin, 1967)~ However, ail almost perfect dose distribution can be obtained, as mentioned above, by placing the neighboring beam edges incoincidence through a rotation of the reference axis of the radiation beams [see Fig. 7.3(a) and Bagne, 1978}. 7.6.2.2 '·,Parallel Opposed Beams. Single electron beams· are , , ' not' very suitable foJ," treatment of 'large deep-seated target volumes due to the high doses given to superficial tissues. However, the steep dose fall-off in electr()n beams may still be used at high beam energies with deep target volumes when two parallel, op':' posed beams are applied. This situation is illustrated in Fig. 7 .5 by the reference axis absorbed dose distributions for three different· phantom depths (16,20, and 24 em) and electron beam energies between 20 and 60 MeV. It is clearly seen that for the correct choice of electron beam energy, the absorbed dose insuperficial regions is considerably reduced compared to that using Plloton beams in the same configuration (Ovadia and phlmann,1960; Zatz et al., 1961) .
The use"of, opposed electron beams is very,difficult when low energies and small body cross-sections are involved because the veryrapid·dose fall-off in low energy beams may lead to substantial under-or overdosage as a result of inhumogeneiLiesand curvedhody surfaces. However, at high energies, this problem is considerably reduced. Furthermore, the reduced elec~ tron scattering, at high electron energiesresl11t.s in an acceptably narrow penumbra even for very deep-seated target volumes,as seen in Fig. 7.6 (Brahme et al., 1980a) .
Moving Beams
In moving beam electron therapy, the position of the electron, source and the electron beam, direction are changed continuously relative to the patient. The absorbed dosc ratc,]) (P ,a!) at the point of interest P will -vary depending on the angle, a, of the beam.· Hence, the absorbed dose at each point in the patient cross-section is given by D{P)= CasropD{P,a)da Direct evaluation of Eq. 7.6 is simple:inthecase ot an nomogeneous.medium of circular cross-section. In other cases; an approxi1D.ateevaluationofEq~7.6is achieved by numerical integration for a limited number of fixed beams.
Both for superficial and deeper therapy with electron beams, a constant dose (in free air) per unit angle of rotation of the moving gantry at theisocenterof the treatment facilltyis essentiaL This can be achieved by a constant dose rate at the isocenter and constant angular velocity, but may also be achieved by varying the angular. velocity in proportion to the instantaneoUs· dose rate or vice versa. The integrand inEq.7.6 is, therefore, generally a constant independent of a when P islocated ata constant dep~h and distance from the source.
ComDuterized Treatment Planning
The.~l~p.~ ofco:mputers in electron.,.beam treatment planning is becoming increasingly important because it allows the rapid addition of isodose data for twoor more>fields. FurthermQre, more sophisticated. corrections for patient contour, inhomogeneities,· etc. maybe introduced. Computer programs for. ele~tron-dose planning are undergoing rapid development at the present time. The following is a brief summary.()fthe different lines of approach. 7 ~7.1 Empirical Methods Empirical methods use isodose distributions recon-structed·from a very large amount of measured data and are often referred· to as matrix.methods·(Leetz,·1976~ 1979). Such methods are most suitable for reconstructing irregular dose distributions from different types of accelerators with high accuracy. The number of measured data points to be stored is high. A significant reduction of data is achieved if broad beams are constructed from pencil beam distributions (Boag and Lillicrap, 1972; Benedetti, 1973; Lillicrap et al., 1975; Brahme et al., 1981) .
Analytical Methods
A lnethod based on a general solution of the diffusion equation has been applied to generate isodose data for beams from different types of electron accelerators (Kawachi, 1975; Brahme, 1975; Osman, 1976; Steben et al, 1976 Steben et al, , 1979 Iversen et al., 1976; Nusslin, 1978; Abou-Mandour and Harder, 1978a; Millan et at., 1979; Hogstram et al., 1981; Schroder-Babo and Harder, 1981; Perry and Holl, 1980; Brahme et al., 1981) . The threedimensional solution of the transport equation contains the depth-dose distribution and the lateral beam profile separated. For a beam size of 2a X 2b (see Section 2.6.3), the absorbed dose distribution, normalized to the broad beam depth dose D(z), may be written, D(x,y,z) 
where z is the depth in the phantom, x and y the lateral coordinates (see Fig. 2 .9), q> P(x ,y ,z) is the lateral distribution function (already given by Eq. 2.41). Kawachi (1975) has given a solution for D(z) in Eq. '1.7. However, this solution is only useful for electron beams where there is negligible dose build-up, e.g., due to contamination by low energy electrons, because it does not take into account the dose build-up of electron flue nee due to multiple electron scattering or the production of secondary electrons. A more accurate fit to experimentally-measured dose distributions is, therefore, obtained by putting D(z) equal to the real measured distribution. This could be done by storing the discrete values and interpolating or by fitting the experimental data to analytic functions (see the above references and those of Section 2.8.1). The usefulness of statistical'meth9~sfor caIculatiIlg e1.ectron beam dose distributions is lim.itedbecause very 7. 7CompuierizedTrealmeni Planning. .. . ·121 time-consuming computations, such as the Monte Carlo method,cannotbepart of routine treatment planning. Nevertheless, Monte Carlo results,e.g., for the pencil beam;cliIlbeofuseas source data on which repetitive routirie calculations can be based. Moreover, theoretical methods: are ,expedient for the analysis of basic'ques,; tionssuch as the origin of the maximuIll of the depthdose curve. Very widespread use has been made of the semi-empirical approach.iJiwhich.all· integrations over the penci1~eam areperforniedbyanalytical calculus, whereas the dose distribution for' the pencil beam . is empirically determined.
7~7.4. Conclu.sions
A number of published·algorit.bmsare available for implementation in computerized electron beam treat~ mcnt.planning systcms~Uscrs ofslJch algorithms mustbe prepared to make extensive direct rileasurements 011 thei:r treatmentul1its to verify the suitability of the ruggrithm.·· selected . for ·their particular electron beam q\lalities.
